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Epigenetic plasticity of chromatin in embryonic and hematopoietic stem/progenitor
cells: therapeutic potential of cell reprogramming
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During embryonic development and adult life, the plasticity and
reversibility of modifications that affect the chromatin structure
is important in the expression of genes involved in cell fate
decisions and the maintenance of cell-differentiated state.
Epigenetic changes in DNA and chromatin, which must occur
to allow the accessibility of transcriptional factors at specific
DNA-binding sites, are regarded as emerging major players for
embryonic and hematopoietic stem cell (HSC) development and
lineage differentiation. Epigenetic deregulation of gene expres-
sion, whether it be in conjunction with chromosomal alterations
and gene mutations or not, is a newly recognized mechanism
that leads to several diseases, including leukemia. The
reversibility of epigenetic modifications makes DNA and
chromatin changes attractive targets for therapeutic interven-
tion. Here we review some of the epigenetic mechanisms that
regulate gene expression in pluripotent embryonic and multi-
potent HSCs but may be deregulated in leukemia, and the
clinical approaches designed to target the chromatin structure
in leukemic cells.
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The hidden secrets of Pandora’s box: chromatin and
epigenetics

In-depth knowledge of chromatin architecture, as well as the
epigenetic mechanisms that control it, are a solid source of hope
in the effort being made to reestablish the correct pattern of gene
expression in complex diseases such as cancer. In this article,
we review the leading paradigms of DNA and chromatin
epigenetic regulation, whose role may, we believe, be
compared to that of ‘hope’ in the Greek myth of Pandora’s box.

Chromatin is constituted by histone proteins and DNA. The
central unit of chromatin is the nucleosome, which consists of
about 146bp of DNA wrapped around an octamer of core
histone proteins: histone 2A (H2A), histone 2B (H2B), histone 3
(H3) and histone 4 (H4). The distance between nucleosomes,
and thus their degree of compaction, defines two major
chromatin structures: (1) euchromatin or ‘active/open chroma-
tin’, which is characterized by a low degree of nucleosome
compaction that permits the access of transcriptional machinery,
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which in turn allows transcription; (2) heterochromatin or
‘inactive/closed chromatin’, in which the high degree of
nucleosome compaction impedes the access of transcriptional
machinery and prevents transcription.

Nuclear chromatin architecture and its structure at specific
loci are determined by heritable mechanisms that cause changes
in gene expression without altering the DNA sequence, named
epigenetics. These include DNA methylation, histone tail
modifications, rearrangement of nucleosomal positioning and
mechanisms of epigenetic targeting guided by noncoding
RNAs.'~

The equilibrium between the activities of different chromatin
modifier enzymes determines heterochromatic and euchromatic
chromatin states.”

DNA methylation

As regards DNA methylation, methylation of cytosine at
cytosine-phosphate-guanine (CpG) dinucleotides within gene
regulatory DNA sequences by DNA methyltransferases
(DNMTs) influences the transcription of the related gene.®~'°
Table 1 lists the DNMT family members, their activities and
relative inhibitors.®''"'® CpG dinucleotides are relatively
uncommon and have an asymmetrical distribution throughout
the eukaryotic genome. CpGs are gathered in repetitive
sequences, above all around gene promoters in regions known
as CpG islands.'” In a normal cell, promoter CpG islands are
generally unmethylated, whereas sparse CpGs tend to be
predominantly methylated.'® In most cases, methylated-promo-
ter CpGs disable the transcription of the correlated gene.'®%°
However, it has become evident that the effects on transcription
of CpG island-promoter methylation may depend on other,
concomitant epigenetic events. These include the recruitment of
repressive complexes containing methyl-CpG binding proteins,
and the post-translational modifications of histone tails, which
induce an inactive compacted chromatin status.”'

Histone acetylation/deacetylation and histone
methylation/demethylation

The histone tail modifications studied most, on account of their
association with active/inactive chromatin states, are histone
acetylation/deacetylation and histone methylation/demethyla-
tion. Acetylation of the H3 lysine 9 and 14 (H3K9acet and
H3K14acet) correlates with accessible euchromatin and is
associated with gene transcription. The level of lysine acetyla-
tion depends on the contrasting activities of the histone
acetyltransferase (HAT) and histone acetyl-deacetylase (HDAC)
groups of enzymes (Tables 2 and 3).2272° Conversely, histone
lysine methylation depends on the contrasting activities of the
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histone methyltransferases (HMTs) and histone demethylases
(HDMs) groups of enzymes (Tables 4 and 5).2°72° Histone
methylation correlates with both permissive and nonpermissive
chromatin states, and consequently with either transcriptional
activation or repression.”® Histone H3 lysine 4 trimethylation
(H3K4me3) marks permissive/open chromatin and gene activa-
tion, whereas H3 lysine 27 (H3K27me3) and 9 (H3K9me3)
trimethylation mark nonpermissive/closed chromatin and gene
inactivation. However, histone H3K27 and K4 lysines can be
mono-, di- or trimethylated by polycomb/trithorax protein
activity. 2673931

The polycomb/trithorax protein complexes

The polycomb group of proteins (PcGs) are evolutionarily
conserved transcriptional repressors, first identified in Drosophila
melanogaster as repressors of homeotic genes (Hoxs). The
trithorax (TrxGs) group of proteins acts antagonistically to PcGs
to maintain gene transcriptional activation.>?

The polycomb-repressor complexes (PRCs), PRC-1 and PRC-
2, are implicated in the regulation of stem cell function.’® The
PRC-2 complex comprises three core components: the suppres-
sor of zeste (Suz12), the embryonic ectoderm development
(Eed1/3/4) and the HMT enhancer of zeste homologue 2 (Ezh2),
which trimethylates the K27 and, to a lesser extent, the K9 on
H3.>* The trimethylation of H3K27 provides a binding platform

for the recruitment of the repressive PRC-1 complex. The PRC-1
complex includes the mammalian methyl lysine cromodomain
containing binding proteins (Cbx2/4/8), zinc-finger proteins
(Edr1/2/3), ring-finger proteins (Ring1A/B, Bmil, Pcgf2 and
Znf134) and the sequence-specific DNA binding protein (Yin
and Yang 1 (Yy1), sex comb on midleg-like 1 isoform (Scml1)
and PHD finger protein 1 (Phf1)).** The recruitment of PRC-1
elements to appropriate genomic locations induces chromatin
condensation and transcriptional gene silencing.>*3® The exact
mechanism of PRC-induced repression and the exact mecha-
nism of PRC recruitment onto the DNA have yet to be fully
clarified. Nonetheless, PRCs may block the formation of the
transcription-initiation complex and inhibit gene transcription
by: (1) abolishing ATP-dependent nucleosome remodeling by
the Swi/Snf complex;*” % (2) inducing chromatin compaction
by the methylation of H1K26, which binds the Hp1;*° (3)
recruiting DNMTs on selected genes;*® (4) ubiquitylation of
H2AK119;*¢ (5) altering the topology of DNA through the
formation of negative superhelical turns.*’

By contrast, the Trithorax (TrxGs) family members sustain
gene expression, including that of Hox genes, thereby allowing
the formation of a permissive/open chromatin structure.*> The
mammalian TrxGs group includes several HMTs such as Set1A,
Set1B and mixed-lineage leukemia (MLL) 1, 2, 3 and 4, which
are responsible for the trimethylation of H3K4 (Table 4).” The
MLL product is a multidomain molecule, which contains regions
of homology with diverse proteins and is part of a multiprotein
complex involving many components of the TFIID transcription

iTna}:)ilbeit:)rssmEjzmples of DNA methyltransferases, activity and relative complex. Close to the MLL N terminus there are: (1) three AT
hooks, which probably stabilize protein-DNA interaction or
. o mediate protein-—protein interactions by binding DNA; (2) two
Enzyme Activity Inhibitor transcriptional repression domains. The first domain (RD1/
DNA methyltransferase  Maintenance of DNA 5-azacytidine repression domain 1) contains a DNMT1 homology domain
1 (DNMTHT) methylation pattern 5-aza-2'- including the CXXC zinc-finger domain, which recruits the
deoxycytydine polycomb-repressor proteins Hpc2 (human polycomb 2 homo-
DNA methyltransferase  de novo DNA 5-azacytidine logue, also known as Cbx4), Bmil and the corepressor CtBP
3a (DNMT3a) methylation 5-aza-2'- . . N .
deoxyoytydine (C-termma!-bmdmg protem). T.he‘ second domgm (RD/repres-
DNA methyltransferase  de novo DNA 5-azacytidine sion domain 2) mediates transcriptional repression through the
3b (DNMT3b) methylation 5-aza-2'- recruitment of HDACs and also interacts with a part of RD1.** It
deoxycytydine is noteworthy that MLL possesses HMT activity and recruits
DNA methyltransferase It lacks canonical DNA . 5—azacytidine HATS, such as MOF and CBP (Core_binding protein) on target
3-like (DNMT3L) methyltransferase motif it = 5-aza-2'- genes.**™® Regardless of the interaction between MLL and
associates to DNMT3A, B _ deoxycytydine multiple proteins that suppress gene expression (that is HDAC 1
Table 2 Examples of histone acetyltransferases, post-translational modification, targets and relative inhibitors?*™*%>
Histone acetyltransferase (HAT) Post-translational Targeted histone Inhibitor
modlification and lysine
Human GNAT family members Acetylation H3K14/K9//K18 Butyrolactone (MB-3); MC1626
Genb Acetylation H3K14/K9//K18 Isothiazolones; H3-CoA-20
PCAF
Human MYST family members Acetylation H4K5/K8/K12/K16 Anacardic acid
Tip60 Acetylation H4K5/K8/K12 NA
HBO1 Acetylation H4K16 Anacardic acid
MOZ Acetylation ?H4K16 Anacardic acid
MORF Acetylation Anacardic acid
MOF
p300/CBP family Acetylation H3K14/K18 Garcinol; anacardic acid; curcumin; Lys-CoA;
p300 H4K5 isothiazolones; cynammoil derivatives 1a-c/2a-d
CBP H2AK5
Usually referred to as a single entity H2BK12/K15

because of their structural and
functional homology
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Table 3 Examples of histone deacetylases, post-translational modification, targets and relative inhibitors?*?
Histone Post-translational Targeted histone Inhibitor
deacetylase modification and lysine
(HDAC)
Class | HDACs Deacetylation No specificity Short-chain fatty acids: sodium butyrate; phenyl butyrate; valproic acid;
HDAC 1 Deacetylation reported AN-9; N-hydroxy-4-(4-phenylbutyrylamino) benzamide (HTBP)
HDAC 2 Deacetylation Hydroxamic acids: trichostatin A; SAHA; LAQ824; LBH589;
HDAC 3 Deacetylation PXD101 cyclic peptides: depsipeptide
HDAC 8 Benzamides: Cl994; MS275; MGCDO010; trapoxin

Cyclic tetrapeptide: apicidin
Class ll2a HDACs Deacetylation No specificity Short-chain fatty acids: sodium butyrate; phenyl butyrate; valproic acid;
HDAC4 Deacetylation reported AN-9; N-hydroxy-4-(4-phenyloutyrylamino) benzamide (HTBP)
HDAC5 Deacetylation Hydroxamic acids: trichostatin A; SAHA; LAQ824; LBH589; PXD101
HDAC7 Deacetylation Benzamides: CI994; MS275; MGCDO010; trapoxin
HDAC9 Cyclic tetrapeptide: apicidin
Class 112b HDACs Deacetylation
HDAC6 Deacetylation
HDAC10
Class Il HDACs Deacetylation H4K16 (Sirt1-3) Nicotinamide
Sirt1-3
Sirt4—-7NAD+

dependents HDACs

Table 4 Examples of histone methyltransferases, post-translational modification, targets and relative inhibitors?®™2®

Histone methyltransferase (HMT) Post-translational Targeted histone Inhibitor
modlification and lysine

ASH1L (trithorax protein) Methylation H3K4 to H3K4me3

MLL1 (trithorax protein) Methylation H3K4 to H3K4me2

MLL2 (trithorax protein) Methylation H3K4 to H3K4me3?

MLLS (trithorax protein) Methylation H3K4 to H3K4me3?

MLLA4 (trithorax protein) Methylation H3K4 to H3K4me?

MLL5 (trithorax protein) Methylation H3K4 to H3K4me?

SET1A Methylation H3K4 to H3K4me2/3

SET1B Methylation H3K4 to H3K4me2/3

EHMTA Methylation H3K9 to H3K9me2

G9a Methylation H3K9 to H3K9me2 BIX-01294

PRDM2 Methylation H3K9 to H3K9mMe3?

SETDBH1 Methylation H3K9me1 to H3K9me3

SETDB2 Methylation H3K9me1 to H3KOme3

SUV3-9H1 Methylation H3K9me1 to H3K9me3

SUV3-9H2 Methylation

EZH2 (polycomb protein) Methylation H3K27 to H3K27me3 3-Deazaneplanocin

A (DZNep)

NSD1 Methylation H3K36 to H3K36me2

SET2 Methylation H3K36 to H3K36me2/me3?

DOTA Methylation H3K79 to H3K79me3

and 2, PcG proteins Hpc2 and CtBP), genetic and biochemical
evidence points to MLL as a positive regulator of gene
expression for known targets including Hox genes.***” MLL
methylates H3K4, thereby providing a gene activation mark on
the targeted chromatin that regulates Hox gene expression
during the development of hematopoietic stem cells (HSCs).*’
The regulation of Hox genes by wild-type MLL involves both the
SET methyltransferase domain, which mediates histone methy-
lation of H3K4, and the recruitment of HATs, such as MOF and
CBP.** Furthermore, the recent development of ChIP-on-chip
technology has yielded data revealing that MLL is associated
with thousands of promoters, the vast majority of which are
occupied by RNA polymerase I, which thus suggests that MLL is
important in the regulation of transcription.*”*%

The correct activity of the transcriptional machinery may,
therefore, depend on the accessibility of target DNA sequences
to specific promoters, enhancers and insulators. The accessi-
bility of target DNA sequences depends on the chromatin status,
which affects the establishment of stable binding between
transcription factors and their cognate sequences. Thus, we
hypothesize that chromatin serves as a sort of GPS (global
positioning system), insofar as it guides the appropriate
transcription factors toward specific routes for development
and differentiation. As discussed below, chromatin-based
information may explain why tissue-specific genes required for
executing terminal differentiation programs are not expressed in
either pluripotent embryonic stem (ES) cells or multipotent
HSCs, even though their expression potential is retained.
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Table 5 Examples of histone demethylases , post-translational modification, targets and relative inhibitors®®
Histone demethylase (HDT) Post-translational Targeted histone and lysine Inhibitor
modification

LSDA1 Demethylation H3K4me2 to H3K4 trans-2-
H3K4me1 toH3K4 Phenylcyclopropylamine (2PCPA)
H3K9me2 to H3K9

JmjC family: Demethylation H3K36me2 to H3K36

JHDM1a/FBXL11 Demethylation H3K36me1 to H3K36

JHDM1b Demethylation H3K9me2 to H3K9

JHDM2/JMJD1A H3K9me3 to H3KOme2

JHDMS3 H3K36me3 to H3K36me2

JMJD2 family: JMJD2A Demethylation H3K9me3 to H3K9me2

JMJD2B Demethylation H3K36me3 to H3K36me2

JMJD2C Demethylation H3K9me3 to H3K9me2

JMJD2D Demethylation H3K36me3 to H3K36me2

JMJUDB/UTX Demethylation H3K9me3 to H3KOme2
H3K9me3 to H3KOme2
H3K9me2 to H3K9
H3K27me3to H3K27

JARID1 family (A-D) Demethylation H3K4me3 to H3K4

Self-renewal and lineage specification of embryonic and
hematopoietic stem cells: role of transcription factors,
chromatin architectures and modifications

Stem cells are characterized by their capacity to both self-renew
and produce differentiated functional cell types. However,
whereas pluripotent ES cells derived from the embryo can
self-renew and generate all the body cell types in culture and
in vivo, multipotent cells such as HSCs can self-renew and give
rise to all the cell lines only in a particular lineage.

Embryonic stem cells
The differentiation of ES cells from totipotent to pluripotent and,
consequently, to developmentally more restricted states, is
endorsed by changes in the expression of transcription factors
related to chromatin remodeling and modifications.* In this
regard, an important breakthrough was recently made by
Takahashi and Yamanaka®® who, by means of the viral-
mediated transduction of four transcription factors, that is
Oct4, Sox2, c-Myc and Klf4, successfully reprogrammed mouse
embryonic/adult fibroblasts and different human somatic cells to
pluripotent ES-like stem cells (namely iPS cells).>>>" It has been
suggested that the ectopic expression of these reprogramming
factors in infected somatic cells initiates a sequence of
epigenetic events, including changes in DNA methylation and
chromatin modifications in endogenous genes that are important
in the maintenance of ES pluripotency and lineage specification
(that is Oct4, Sox2 and Nanog), thereby triggering the
pluripotent state of iPS cells.**>%>2

Indeed, unique, plastic epigenetic marks characterize the
maintenance of the capacity of self-renewal, pluripotency and
the activation of cell lineage specifications in ES cells.
Undifferentiated ES cells display a more open chromatin state
at the genomic wide level and a higher exchange rate of
chromatin-associated proteins than differentiated cells.>*=>*
Moreover, the differentiation of human and mouse ES cells is
accompanied by a general change in nuclear architecture and
by changes in chromatin structure, above all at loci involved in
maintaining pluripotency and in inducing lineage-restricted
programs of gene expression.>®

Leukemia

These findings are supported by other authors who have
reported changes in heterochromatin marks (H3K9me3 and
H3K27me3) and euchromatin marks (acetylated forms of
histones H3, H4 and H3K4me3) during ES cell-induced
differentiation.”>>” For example, Oct4 and Nanog gene expres-
sion, which is required to maintain the pluripotency of ES cells,
requires active chromatin marks such as the acetylation of H3
and H4 on their promoter regions. Notably, experimental
evidence from two independent laboratories has shown that
ES cells retain specific histone modifications in the promoters of
lineage-control genes not expressed in ES cells, which belong to
the Sox, Hox, Pax and Pou gene families, and include Sox1,
Nkx2-2, Msx1, Irx3 and Pax3 genes.’®>° Many of the regulatory
regions in these genes are, unexpectedly, marked by histone
modifications that both activate (H3K9acet and H3K4me3) and
repress (H3K27me3) gene transcription. This bivalent nature of
histone modifications has been proposed as the mechanism
through which ES cells: (1) retain their pluripotency; (2) impede
the expression of lineage-specific genes (due to the dominant
effect of the repressive mark H3K27me3); (3) prime lineage-
specific genes for activation or inhibition in subsequent phases
of terminal differentiation (Figures Ta—c). Thus, the transcription
of lineage-specific genes may be poised by dynamic patterns of
histone marks, which are differentially interpreted by cellular
transcription factors according to the gene locus and cellular
context, as opposed to static histone marks that merely switch
gene transcription on and off.?>®% In ES cells, however, other
lineage control genes are not marked by any known or
detectable histone modifications, or are only marked by an
activating H3K4me3 mark.>®

DNA methylation also affects ES cell chromatin structure and
the appropriate activation of differentiation programs. The
relevance of proper DNA methylation patterns becomes evident
when ES cells are depleted of DNMTs. The consequent loss of
DNA methylation results in increased cellular apoptosis in
embryos and in impaired differentiation of undifferentiated ES
cells.®"®% |t is noteworthy that appropriate DNA methylation
patterns are essential to improve animal cloning efficiency when
somatic cell nuclei are used in nuclear transfer experiments.®

Replication timing program is another important cellular tool
for the establishment of a correct transcriptional profile in a
particular cell type.® The replication timing of specific genes
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Figure 1 Chromatin status and histone tail modifications in gene
regions regulating embryonic stem (ES) cells pluripotency and lineage
specification. (a) Undifferentiated cell status: a balanced bivalent
nature of nucleosomal histone modifications including H3 lysine 4
trimethylation (H3K4me3) activating mark and H3 lysine 27 trimethy-
lation (H3K27me3) repressive mark define the ‘partially permissive
chromatin’ status in specific gene regulatory regions. This unusual
bivalent pattern is modified when ES cells are induced into lineage-
specific differentiation programs. (b) Activation of lineage differentia-
tion programs: regulatory regions of specific genes acquire a
‘permissive chromatin status’, which is characterized by high levels
of activating histone marks, such as H3K4me3 and H3K9acet and
unmethylated cytosine-phosphate-guanines (CpGs), and by low levels
of repressive histone marks, such as H3K4me3 and methylated CpGs.
(c) Silencing of genes not required for lineage specification: gene
promoters become unavailable to transcription factors through the
formation of a ‘nonpermissive chromatin’ status characterized by
methylated CpGs, high levels of the repressive histone marks
H3K27me3 and H3 lysine 9 trimethylation (H3K9me3), and lack of
the activating marks H3K4me3 and H3K9acet. Gray spheres indicate
the octamer of histones forming the nucleosome with the double
strand DNA wrapped around them. At the bottom of each panel, the
beam balance shows the ‘weight’ of the different histone tail
modifications in rendering chromatin partially permissive, permissive
and nonpermissive for transcription. Histone-activating marks (white
box); histone-repressive marks (black box); H3, histone 3; K, lysine;
me, methylation; me3, trimethylation; ac, acetylation; unmethylated
CpGs (white circles); methylated CpGs (black circles); TF, transcrip-
tion factor.

depends on chromatin structure. In ES cells it may be essential
for maintaining their pluripotent status or for executing terminal
differentiation programs. Replication timing reflects chromatin
changes and depends on them, and is associated above all with
increased histone acetylation. Azaura et al.>® have shown, for
example, that genes encoding neural-specific transcription
factors replicate early in mouse ES cells but later in hemato-
poietic-restricted cells, in which the neural potential is lost.
These data support the notion that epigenetic changes affecting
the expression of genes that are essential for maintaining the
pluripotent status and lineage-restricted programs may be
required for switching to late or early replication as the
differentiation program proceeds.®*°

Epigenetic remodeling in hematopoiesis
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Chromatin remodeling by polycombytrithorax proteins. In
keeping with findings indicating that the methylation status of
H3K27 and H3K4 discerns the chromatin structure of lineage-
specific genes in pluripotent/multipotent stem cells, whereas
high H3K9acet or H3K9me3 levels are chromatin marks of
differentiated cells,®” it has been reported that H3K27 trimethy-
lation is related mainly to the formation of ‘optional’ hetero-
chromatin,®®®? whereas H3K9 trimethylation is related mainly
to ‘stable’ heterochromatin for gene silencing.®”-7%7"

Two independent studies on human and mouse ES cells have
shown that PcG proteins bind to and then repress the promoters
of homeodomain-containing transcription factors, such as Dlx,
Irx, Lhx, and Pax, which regulate neurogenesis and hemato-
poiesis.”*” Furthermore, PcG proteins suppress the activity of
the Fox, Sox, Gata and Thx transcription factor family members
and of signaling molecules such as Whnts, Shh and Bmps, which
is important in the development and disease.”* These data point
to a model in which PcG proteins in ES cells or in multipotent
progenitors crucially silence genes involved in development and
cell differentiation, thereby retaining a pluripotent/multipotent
cell population. On the basis of the data available, it is thus
possible to hypothesize that lineage control genes in these cells
are bound by PcGs and TrxGs, and are maintained in a
‘relatively permissive’ chromatin conformation by the balance
between the active histone mark H3K4me3 and the inactive
histone mark H3K27me3 (schematically shown in Figure 1a).
This relatively permissive chromatin conformation would make
lineage control genes accessible for both chromatin-remodeling
complexes and transcription factors for subsequent transcrip-
tional activation or inhibition in response to appropriate
microenvironmental signals (Figure 1b). As the differentiation
program proceeds, the chromatin of genomic loci involved in
the differentiation program would acquire better defined, more
stable characteristics.

Although more studies are needed to establish the causal
interplay between changes in chromatin status, gene expression,
maintenance of pluripotency and lineage-restricted differentia-
tion, we should consider epigenetic modifications essential for
the maintenance of pluri- and multipotency and for the correct
onset of differentiation programs in both ES and HSCs.

Hematopoiesis

The model proposed for ES cells easily fits into both the concept
of hierarchical gene activation and the importance of hemato-
poietic transcription factors in inducing chromatin remodeling
at different stages of hematopoiesis, the life-long, highly
regulated multistage process through which a multipotent self-
renewing HSC gives rise to all blood cell lineages.””> During
embryogenesis and postnatal life, the development, self-renewal
capacity, lineage commitment and maturation of HCS into
erythroid, granulocytic, monocytic and megakaryocytic lineages
are dictated by two closely related events: (1) the composition of
external signals from the bone marrow microenvironment,
including soluble growth factors, cell-cell and cell-extracellular
matrix interactions; (2) the sequential, coordinated and combi-
natorial expression/activity of intrinsic lineage-affiliated tran-
scription factors, which bind regulatory DNA sequences,
modulate specific gene expression programs and act as master
regulators.”®””

For instance, transcription factors Scl/Tall (T-cell acute
lymphocytic leukemia-1 protein) and AML1 (also named Runx1
from runt-related transcription factor 1 or CBFA2) are potent
regulators of HSCs. Their depletion affects the entire blood cell
differentiation process. By contrast, transcription factors such as
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Gatal (GATA-binding protein 1), C/ebpa (CCAAT enhancer-
binding protein o) and Pu.1 have a more restricted expression
pattern, their activity being related to lineage-specific determi-
nation. A number of mechanisms have been proposed to explain
how these transcription factors determine the onset and
maintenance of lineage differentiation; the mechanisms pro-
posed have either an antagonistic or cooperative effect on gene
expression patterns.”””® As hypothesized for Oct4 and Nanog in
ES cells, the expression of some hematopoietic transcription
factors may be dependent on specific chromatin modifications.
In addition, transcription factors may either recruit or, as
multiprotein complexes that perform chromatin modifier activ-
ities, prime the chromatin for the stable binding of other factors
and for long-term lineage-specific gene activation/repression.””

For example Gatal, a sequence-specific transcriptional
activator expressed in megakaryocytic and erythroid cells, is
important in the control of lineage-specific programs related to
erythroid differentiation. During human erythropoiesis, the
maturation of erythrocytes is associated with the increased
expression of o- and f-globin genes, which are required for
synthesizing hemoglobin. Gata1l acts by stably interacting with
chromatin in regulatory regions on target genes, including a-
and B-globin genes. At these sites, Gatal induces a transcrip-
tionally permissive chromatin configuration by recruiting
protein complexes containing HAT activity (CBP).?*®" Interest-
ingly, in nonerythroid cells, globin genes exist in a methylated,
transcriptionally silent state.®”®> However, Gatal promoter is
itself a target of epigenetic modifications that regulate its own
expression during erythroid differentiation®®  (schematically
represented in Figure 2a). In HSCs and in multipotent
progenitors (MPPs), Gatal expression is very low and its
promoter chromatin is marked by low levels of active and
inactive chromatin  marks (H3K4me3, H3K9acet and
H3K27me3). As differentiation proceeds to common myeloid
precursors (CMPs) and megakaryocyte/erythrocyte precursors
(MEPs), H3K4me3 accumulates along the Gatal promoter
region in both CMP and MEP, thereby allowing the formation
of a permissive chromatin status and the expression of Gatal. By
contrast, high levels of the inactive chromatin mark H3K27me3
are found on the Gatal promoter and correspond to the
silencing of Gatal in common lymphoid (CLP) and granulo-
cyte/monocyte (GMP) progenitors™ (Figure 2a).

Moreover, Gatal physically interacts with Pu.1 when Pu.1 is in
a complex with pRb. The binding of Pu.1 to Gatal sites on Gatal
target genes leads to the inhibition of the erythroid lineage and
activation of the myeloid differentiation program. This is the
consequence of the recruitment, at these sites, of the H3K9
methyltransferase Suv39H1 and Hp1 protein (heterochromatin
protein 1) by Pu.1, which confers a ‘nonpermissive’ characteristic
to the chromatin.®® It is noteworthy that the silencing of Pu.1
releases this repressive complex, erases the repressive chromatin
marks and reactivates the erythroid program.®*

Although Gatal promoter does not contain a proper CpG
island, the eight CpGs located upstream of the transcriptional
start site are progressively demethylated and the Gatal
expression level increases as the differentiation of HSC proceeds
toward CMP and MEP.* It is noteworthy that the same CpGs
maintain a methylated status in CLP and GMP.*

Scl/Tal1 is expressed in HSC and acts as a positive regulator of
erythroid differentiation. Whereas the acetylation of Scl/Tal1
drives murine erythroleukemia cells toward erythroid differen-
tiation, its association with the transcriptional repressor complex
mSin3A/HDAC blocks cell maturation.®®

Other hematopoietic cell lineage programs also require
controlled expression of specific transcription factors. For
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Figure 2 Epigenetic marks characterizing Gatal and c-fms regulatory
regions during erythropoiesis and granulocytopoiesis. (a) GATAT is a
target of epigenetic modifications that regulate its expression during
erythroid differentiation. In multipotent hematopoietic stem cells
(HSCs), Gatal expression is almost undetectable and the chromatin
in its regulatory region is marked by low levels of activating (H3 lysine
4 trimethylation, H3K4me3 and H3K9acet) and repressive histone
marks (H3 lysine 27 trimethylation, H3K27me3 and H3 lysine 9
trimethylation, H3K9me3). As the differentiation of hematopoietic
stem cells (HSCs) proceeds to megakaryocyte/erythrocyte progenitors
(MEP), the activating marks (H3K4me3 and H3K9acet) accumulate
along the Gatal promoter region, thereby allowing the formation of a
permissive chromatin status and the expression of Gatal. By contrast,
a nonpermissive chromatin status is enforced in common lymphoid
progenitors (CLPs) and granulocyte/macrophage progenitors (GMPs)
where Gatal expression is not required. (b) c-fms regulatory elements,
except for the FIRE region, are enriched with the activating histone
mark H3K4me3 in CLP, common myeloid progenitors (CMPs) and
GMP. By contrast, high levels of the repressive histone mark
H3K27me3 are detected in MEP, where they mark the permanent
silencing of c-fms. The beam balance shows the ‘weight’ of the various
histone tail modifications (defined in the legend of Figure 1), that at
different stages of hematopoiesis influences the chromatin status of
GATAT or c-fms promoters and in relation to their induced (1) or
silenced (L) transcription.

instance, the transcriptional activator Pu.1 is required for the
development along the lymphoid and myeloid lineages but
needs to be downregulated during erythropoiesis.?® Moreover,
Pu.1 is expressed in HSCs and in differentiated B cells, though
notin T cells (CD4 4+ and CD8 + ), where its regulatory 5’ region
is hypermethylated.?”#% Pu.1 gene expression is upregulated
during myeloid differentiation and enables committed



macrophage precursors to respond to colony-stimulating factor
1. Indeed, albeit with other transcription factors, Pu.1 regulates
the expression of c-fms (macrophage colony-stimulating factor
receptor), which is crucial for the growth and differentiation of
the monocyte—macrophage lineage.?® The expression of c-fms is
highly regulated by a control region that includes a promoter
sequence, spans the transcriptional start site and the c-fms intron
regulatory element termed FIRE, and performs macrophage-
specific enhancer activity.”® Krysinska et al.”" have shown that
in Pu.1—/— cells, c-fms chromatin is accessible to the binding of
transcription factors, even though it lacks inactive (H3K9me3)
and active (H3K9acet and H3K4me3) histone marks. Following
Pu.1 induction, c-fms promoter is bound by Pu.1; nonetheless,
c-fms mRNA expression level remains low and activating
histone marks are not observed on c-fms regulatory regions.
The appearance of activation marks (H3K9acet and H3K4me3)
along the c-fms promoter and the increase in the c-fms mRNA
transcription follow the Pu.1-dependent expression of the Egr2
(early growth response 2 protein), which causes the reorganiza-
tion of chromatin at the c-fms FIRE region. Indeed, Egr-2 binding
to the FIRE region of c-fms gene is required for the hierarchical
binding of other regulators, such as Pu.1 itself and C/ebpp, and
for the recruitment of the acetylating enzyme CBP and Brgl, a
component of the ATP-dependent chromatin-remodeling com-
plex Swi/Snf. Attema et al.?® have also reported that epigenetic
modifications in the c-fms promoter and FIRE regions occur
simultaneously with changes in c-fms mRNA levels during
hematopoiesis. Except for the FIRE region, regulatory elements
on the c-fms 5’ region are enriched with the active chromatin
mark H3K4me3 in CLP, CMP and GMP. In GMP, c-fms
expression is required to allow the committed macrophage
precursors to respond to colony-stimulating factor 1. By
contrast, high levels of the inactive chromatin mark
H3K27me3, which reveal the permanent silencing of c-fms,
are detectable at this gene site in MEP (Figure 2b).

Moreover, it is possible, on the basis of the CpG methylation
level, to identify three DNA methylation patterns in the c-fms
transcriptional regulatory region:®* (1) CpGs within the promo-
ter and the FIRE regions, most of which are unmethylated in
hematopoietic populations; (2) the lowest CPG methylation
levels within the promoter are observed in GMPs that express
c-fms; (3) CpGs in the 1kb region downstream of the FIRE site,
most of which are methylated in hematopoietic populations,
partially methylated in CLP and fully methylated in liver, where
c-fms activity is not required. The lowest methylation densities
in this region are detected in the CMP and GMP subpopulations,
with slightly higher levels in MEP.

Another example of chromatin priming by hematopoietic
transcription factors is provided by Mim-1 expression, which
accompanies myelomonocytic differentiation.”? Mim-1 is not
expressed in HD50 multipotent progenitor cells, but is highly
expressed in the HD50myl cell line that is committed to the
myelomonocytic lineage. Plachetka et al.”” studied the chicken
Mim-1 gene coding for the myeloid protein 1, showing that its
expression depends on both C/ebpp and c-Myb binding. In
particular, the recruitment of p300/CBP acetylating activity by
C/ebpp in the Mim-1 gene results in chromatin reorganization of
Mim-1 enhancer. This is not, however, sufficient to activate
Mim-1 transcription, which requires Myb binding in addition to
C/ebpfp-dependent chromatin reorganization in the promoter
region.

The expression of Gata3 and Ptcra (T-cell antigen receptor o)
is associated with lymphoid lineages. Gata3 and Ptcra-promoter
regions are enriched with active chromatin marks (H3K4trimet
and H3acet) in MPP and CLP. However, increased levels of the
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inactive chromatin mark H3K27me3 are measurable in the
Gata3 and Ptcra-promoter regions, in most of the erythro-
myeloid populations and, unexpectedly, in CLP. This reveals the
existence of a dual, opposite mark in the same regulatory region
whose function cannot easily be interpreted at this stage of
differentiation.®?

All these data support the notion that transcription factors may
have additional roles besides the mere activation and inhibition
of transcription. These include their ability to trigger the initial
steps of chromatin opening in the enhancer and promoter
regions of lineage-specific genes, which determines the switch
from partially permissive chromatin to fully permissive or
nonpermissive chromatin, thereby allowing the stable inter-
action of transcriptional machinery and the formation of
lineage-specific chromatin structures.

The leukemogenic potential of altered DNA methylation
status, aberrant chromatin-remodeling and/or polycomb/
thritorax activities

Genes encoding hematopoietic transcription factors, including
C/ebpa, AML1, Gatal, Pu.1 and MLL, can be mutated or altered
by chromosomal translocations in leukemias. This suggests that
the dysregulation of transcription factor activity is important in
the pathogenesis of the differentiation block characterizing these
malignancies.”®?* However, epigenetic alterations may also
participate in the earliest stages of neoplasia by affecting the
transcription of genes regulating stem/precursor cell develop-
ment and lineage specification.”*®> This may, per se or in
association with genetic alterations, lead to clonal expansion,
the block of hematopoietic precursor differentiation and
leukemogenesis. For example, in leukemias in an anomalous
background of genome-wide hypomethylation associated with
increased genomic instability, a high number of genes are
hypermethylated and not expressed. The products of these genes
belong to different functional classes including: cell-cycle
regulators (p16INK4a, p15INK4b and p21WAF), proapoptotic
proteins (Dapkl and Crbp1), DNA repair enzymes (Mgmt),
signal transduction molecules (Socs1), metastasis/invasion
(Cdh1), transcriptional regulators (C/ebp and Meis1), nuclear
receptors (ER and RARP2), metabolism (Gstp1) and genome
stability (Lats2).%®

However, the mechanisms promoting aberrant DNA methyla-
tion and changes in chromatin patterns may be different.
Specific fusion genes and fusion products may be associated
with the differentiation block that characterizes distinct acute
myeloid leukemia (AML) subtypes as classified by FAB, which
relies on the morphologic and cytochemical characteristics of
blasts’® (examples are provided in Figure 3). In the cases
documented best, such as AMLs presenting the 8;21) and
t(15;17) genetic translocation fusion products, leukemogenesis
may be caused by an aberrant recruitment of protein complexes
containing HDAC, HMT and DNMT activities, which alters
chromatin structures and silences key myeloid genes.””~'%°

Rearrangements affecting the retinoic acid (RA) receptor o
(RAR2) gene on chromosome 17 are almost exclusively
associated with the differentiation block that occurs in the
promyelocytic stages of myelopoiesis. Indeed, in more than
90% of cases of acute promyelocytic leukemia (APL), the fusion
oncoprotein PML/RAR« is generated as a consequence of the
t(15;17), which fuses the PML gene on chromosome 15 to that of
the all trans-RARo present on chromosome 17. RARa is a
member of the nuclear receptor superfamily and acts as a
ligand-inducible transcription factor. Heterodimerization, with
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Figure 3 Examples of fusion genes and fusion products associated
with a specific differentiation block in different acute myeloid
leukemia (AML) subtypes. The AML1-ETO and CBFB-MYH11 fusions,
both of which lead to alterations in the CBFB transcription complex,
might disrupt hematopoiesis through distinct mechanisms, as they can
be associated with myeloblastic and myelomonocytic AML subtypes
(AML-M2 and AML-M4 by FAB classification).”® Rearrangements
affecting the retinoic acid (RA) receptor o (RARx) gene on chromo-
some 17 are exclusively associated with a differentiation block in the
promyelocytic stages of myelopoiesis (AML-M3 by FAB classification).
The MLL-AF9 oncogene originates from the translocation
t(9;11)(p22;g23), which is associated above all with monocytic acute
myeloid leukemia (AML-M5 by FAB classification). Less frequent
translocations, such as DEK-CAN, give rise to fusion genes associated
with myelodysplastic syndromes progressing to AML. Furthermore,
transcriptional coregulators with putative histone acetyltransferase
(HAT) activities (such as CBP, MOZ and TIF2), or adapter proteins that
recruit the corepressor-histone acetyl-deacetylase (HDAC) complex
(such as ETO), are present in chromosomal rearrangements associated
with AML-M4/M5 by FAB classification.

its transcriptional coactivator retinoid X receptor (RXR) and its
presence in protein complexes including HDAC and HAT
activities, is essential for the effective ligand-dependent trans-
activation of specific RA target genes by RARa.'?"1%? However,
the oligomerization capacity of PML increases the affinity for
transcriptional corepressors of the RARa moiety present in the
PML/RARa product. This enhances the recruitment of chromatin
modifiers (HDACs, HMTs, DNMTs and methyl-binding domain
proteins (MBDs)) on RA target gene promoters, causing their
transcriptional silencing.'®>7'°¢ Moreover, PML-RARa can also
bind and recruit at its transcriptional target gene RARS2, the
polycomb-repressive  complex-PRC2.'”  Interestingly, the
knockdown of Suzi2, a PRC-2 component, reverses histone
marks and DNA methylation status at specific sites on the
RARB2 gene promoter, resulting in its reactivation and the
granulocytic differentiation of APL blasts."”” However, two
recent studies have shown that RXR, the heterodimeric partner
of RARu, is a critical determinant for the transforming potential
and maintenance of the leukemic phenotype of PML/RARa and
other APL-associated RARa fusion products.'®®'9? RXR may be
required for the full execution of the transcriptional program
imposed by PML/RARa on its downstream targets. This appears
essential for leukemic transformation due to the enhanced DNA
binding and gene target expansion of the PML/RAR-RXR
heterooligomeric complex."%81%?

The gene encoding AML1 is targeted by the 8;21), the most
frequent chromosomal rearrangement in AML (about 40% of the
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cases), which generates the AML1/ETO fusion product. AML1/
ETO is constituted by a portion of the AML1 transcription factor
fused to the corepressor ETO protein.''%"'? The AML1 moiety
of the fusion product retains its DNA binding activity, whereas
the ETO moiety conveys new properties to the fusion protein,
including: (1) several docking sites for the corepressors SMRT,
N-CoR and Sin3A and the histone deacetylases HDACT, 2
and 3; (2) a dimerization domain that initiates the formation of
homo-oligomers of the fusion protein, which increase its effects
on target genes and associated proteins.''* Therefore, thanks to
these acquired activities, AML1/ETO can function as a
transcriptional repressor of AML1-regulated genes by directly
binding AML1 consensus sequences in their regulatory regions.
However, the AML1/ETO oncoprotein also exerts its oncogenic
activity through other mechanisms. For instance, AML1/ETO
can physically interact with transcription factors, altering their
proper activity and expression of their target genes. These
AML1/ETO-induced aberrant mechanisms involve key regula-
tors of hematopoiesis such as C/ebpa, Pu.1, the retinoid receptor
RARa~RXR heterodimer, Catal, a subset of E-box binding
proteins including E2A, Heb and E2-2 and myelopoiesis
regulator microRNA-223.'91147119 n addition, experimental
evidence has shown that AML1/ETO expression upregulates
genes such as Jagged 1, thus affecting the Notch pathway,
plakoglobin and f-catenin, therefore increasing the activity of
Wht signaling system,'?®'?" which may be relevant to the
increase in the self-renewal potential and block of committed
myeloid progenitor differentiation following the expression of
AMLIT/ETO in hematopoietic stem/precursors.

Genes encoding transcriptional coactivators with putative
HAT activities can also be targeted by genetic translocations
associated with AMLs (Figure 3). The translocations #8;16),
#(10;16) and the inversion inv(8) fuse the human monocytic
leukemia zinc-finger protein Moz (MYST3) and its paralog Morf
(MYST4) acetyltransferases to genes encoding the nuclear
receptor coactivators CBP and p300 or the p160 protein TIF2
(transcription intermediary factor 2). The resulting fusion
proteins can transform hematopoietic progenitors in vitro, and
induce myeloproliferative disease in mice. Recent findings
indicate that Moz fusion proteins interfere with the activities of
cellular CBP, nuclear receptors, p53 and AML1 proteins by
promoting aberrant patterns of histone and nonhistone protein
acetylation with a leukemogenic potential.'?*~'2°

The loss of Suv39H1-H3K9 methyltransferase generates
genomic instability and a decrease in H3K9me3 levels, thereby
favoring the onset of B and T-cell lymphomas in mice.'?%'?7 It
has recently been suggested that other HMT alterations that
target different histone lysines, such as H3K36 and H4K20
by Nsd1 and H3K79 by hDotlL, may be important in
leukemogenesis.'?®

The function and timing of the alterations in polycomb and
trithorax protein activities suggest that these activities are the
most likely causes of the onset and progression of tumors,
including leukemia, which occur through several mechanisms.
TrxGs may promote the abnormal activation of oncogenes,
although PcGs may induce transcriptional silencing of tumor-
suppressor genes and regulate stem cell plasticity by repressing
lineage-specific genes.*®”%7% Thus, anomalous PcG activity
might affect the correct expression of lineage-specific genes,
thereby impeding the maturation of stem cells and committed
progenitors, and allowing the onset and expansion of a ‘cancer
stem cell’. Polycomb proteins are, indeed, overexpressed in
different tumor types. The close connection between PcG gene
expression regulation, cancer and stem cell origin of cancer is
supported by the independent, simultaneous work conducted by



three groups, who have shown that PRC-2 components,
including H3K27 trimethylation, mark ES cells of genes that
are frequently hypermethylated in cancer.®”'2913° |nterestingly,
the polycomb protein Suz12, a component of the PRC-2
repressive complex, is overexpressed in colon, liver and breast
cancers.”?' The H3K27 methyltransferase Ezh2, which also
belongs to the repressive PRC-2 complex, is overexpressed in
lymphomas, prostate, bladder and breast tumors, and is closely
correlated with disease aggressiveness.'>? Downregulation of
the PRC-2 complex protein Eed is associated with an increased
incidence of carcinogen-induced lymphoma.'*? The polycomb
ring-finger oncogene Bmil is overexpressed in lymphomas,
leukemia, neuroblastoma and non-small-cell lung cancer.'*? Its
potential use as a prognostic marker in AML and in chronic
myeloid leukemia has recently been proposed.'**'**> Bmil, a
known regulator of normal ES cell self-renewal, also sustains the
self-renewal capacity of leukemic stem cells, as demonstrated
by the reduced proliferation of leukemic cells lacking Bmi1 and
the consequent failure of leukemia transplantation in a mouse
model of AML."*"'3” Moreover, Bmil appears to exert its
oncogenic activity by repressing p16 and c-Myc-induced
apoptosis.'*%139

Among mammalian TrxG proteins, MLL gene dysfunction is
related to leukemogenesis. MLL rearrangements are present in
more than 70% of infant leukemias, although MLL transloca-
tions are present in approximately 10% of AMLs in adults and in
therapy-related leukemias.'*® MLL rearrangements erase the
sequences conserved best, such as the central zinc-finger
domain and the C-terminal SET domain. Various chromosomal
abnormalities (translocations, inversions and interstitial duplica-
tions) involving MLL are clustered in a major break region just
after the repression domain and are present in patients with
myeloid or lymphoid leukemias.'*" The N-terminal part of the
MLL gene fuses to the C-terminal part of a remarkable number
(at least 36) of diverse partner genes. The most common
translocation partners, that is Enl, AF9, AF10 and AF4, belong to
the family of serine/proline-rich nuclear proteins (for example
MLL-ENL, MLL-AF9, MLL-AF4, MLL-AF10 and MLL-AF6) and
function as transcriptional activators.'*> A second class of
translocation partners of cytoplasmic origin (AF1P/Eps15, EEN,
AFX, GAS7 and septins) dimerize with the truncated MLL
form."*? A third group includes HATs (p300 and CBP).'**~'#> All
fusion protein groups lack both the SET domain and the CBP and
MOF interaction domain.

MLL gene also undergoes partial tandem duplications
spanning the exons 5/11 and 5/12 (MLL-PTD).'** However, in
this case the SET domain is retained, which raises the question
of whether perturbed H3K4 methylation is the only mechanism
underlying MLL functional alterations.'*® For instance, the
oligomerization properties of fusion partners (MLL-GAS7 and
MLL-AF1P), or their direct role in transcriptional regulation
(MLL-AF9 and MLL-ENL), may be equally relevant in conferring
leukemogenic activity to MLL fusion products.'*”~'>' However,
there is no doubt that some MLL fusion partners, besides the
well-known CBP and MOF, belong to a network involved in
transcriptional regulation through chromatin remodeling.'>? For
example, the MLL fusion partner AF10 interacts with the HMT
hDot1L, which methylates H3K79.'*® This gives the fusion
product the ability to immortalize the hematopoietic progeni-
tors, whereas in the absence of hDOT1L, MLL-AF10 is unable to
transform the hematopoietic progenitors. hDot1L protein has
also been found to bind AF9 and AF4.'331%4

MLL rearrangements are also associated with the anomalous
overexpression of the Hox genes and aggressive leukemias.
Indeed, MLL-knockout mice display severe hematopoietic
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defects associated with defects in Hox gene (including HoxA9)
expression, although the overexpression of selected Hox genes,
such as HoxA9 and the Hox cofactor Meis1, is implicated in
human myelodysplastic disorders, in acute myeloid and
lymphoid leukemias.**'**'>> HoxA9 and Meis1 are normally
expressed only in early hematopoietic lineages, their expression
being downregulated to undetectable levels in later stages of
differentiation. MLL fusion proteins enforce the persistent
expression of HoxA9 and Meis1, which appears to be critical
for leukemogenesis. Nonetheless, overexpression of HoxA9
induces stem cell expansion and is associated with poor-
prognosis AML. However, when coexpressed with Meis1,
HoxA9 is acutely transformed.'*®">” HoxA9 and MeisT over-
expression, which follow MLL-ENL induction, are also asso-
ciated with increased H3K79 methylation and lack of
H3K4me3.

Therapeutic potential of epigenetic cell reprogramming

ES cell reprogramming

Owing to their potential to generate all cell types in culture, ES
cells have raised interesting new prospects regarding their
therapeutic application in a wide variety of diseases, ranging
from genetic or degenerative disorders to neoplasia. However,
ES-based treatment could be complicated by difficulties regard-
ing immune rejection due to the immunological incompatibility
between the donor and the patient cells as well as ethical issues
related to the use of human embryos. Cells that reprogram by
transferring somatic nuclear contents into oocytes or fusion with
ES cells may overcome the tissue rejection problem following
transplantation in patients, though not the ethical issues. As
mentioned before, both these issues have recently been
circumvented by the work of Takahashi and Yamanaka.”® They
have generated human pluripotent iPS cells directly from the
patients’ own cells, through retroviral transduction of a
combination of specific transcription factors.*®>" Moreover, a
very recent study by Jaenisch’s group strongly supports the
therapeutic potential of this approach in hematological dis-
eases.'>® Hematopoietic progenitors could be derived in vitro
from iPS after infection with a viral vector encoding the HOXB4
product.*® HOXB4 is a homeotic selector gene implicated in
self-renewal of definitive HSCs, which also transforms primitive
HSCs into definitive HSCs.'*® In vitro iPS-generated hemato-
poietic progenitor cells (HPCs) engraft adult recipient mice and
convey multilineage reconstitution. Moreover, in a humanized
mouse model of sickle cell anemia, transplanted iPS-derived
HPC, corrected for the genetic defect by homologous recombi-
nation, functionally adjusted the sickle cell defect in donor
mice.'® These findings suggest that the therapeutic potential of
iPS in several diseases is highly promising. However, as the
authors themselves point out, difficulties related above all to the
use of retroviral vectors for gene delivery and of oncogenes (that
is KIf4 and c-Myc) for cell reprogramming will have to be
overcome before this approach can be adopted as a patient-
specific transplantation therapy.

HSC/HPC cell reprogramming

An interesting dual action is shared by a number of chromatin-
remodeling agents, including RA, HDAC inhibitors (HDACI),
valproic acid (VPA) and trichostatin A (TSA), and DNMT
inhibitor (DNMTi) 5-azacytidine, as in vitro and in vivo studies
performed in normal HSCs/HPCs have revealed: (1) expansion
of a primitive HSC population, and (2) induction of myeloid
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Figure 4 Dual action shared by different chromatin-remodeling
agents in normal human hematopoietic cells. According to the model
proposed in various in vitro and in vivo studies,'®*"'%* treatment with
retinoic acid (RA), histone acetyl-deacetylase (HDAC) inhibitors
(HDACI), valproic acid (VPA) and trichostatin A (TSA), and DNA
methyltransferase (DNMT) inhibitor (DNMTi) 5-azacytidine all exert
different effects on hematopoietic cells depending on their maturation
state. They expand (+) primitive hematopoietic precursors (hemato-
poietic stem cell, HSC and multipotent progenitor, MPP) and enhance
the terminal differentiation of committed myeloid progenitors (CMPs)
into committed granulocyte/monocyte progenitors (GMPs) and mega-
karyocyte/erythroid progenitors (MEPs) and therefore into mature
blood cells.

precursors committed to cell differentiation (schematically
represented in Figure 4).'°%"'®* These findings support chroma-
tin accessibility to specific DNA binding as a key event for the
activity of cytokines and transcription factors involved either in
the maintenance of early HSC population or in lineage
commitment. Some of these factors might be present in the
same cellular context and might dictate cell fate choice by
targeting enzymes with chromatin-remodeling activity, such as
HDACs, HATs or DNMTs, at specific gene loci. The marked
effects of different chromatin-remodeling agents on human
HSCs/HPCs also highlight their potential use as epigenetic
agents for HSC ex vivo amplification aimed at transplantation,
gene and stem cell therapies.

Leukemic cell reprogramming

The potential reversibility of epigenetic changes that contribute
to the development of leukemia has suggested that it may be
possible to reestablish normal patterns of gene expression and
cell function by means of chromatin-remodeling agents. Proof of
the effectiveness of this principle for epigenetic therapeutic
purposes has also been provided by studies demonstrating the
induction of terminal differentiation of PML/RARa-positive
APL blasts'®>'%® by all-trans-RA (ATRA) treatment in vitro and
in vivo. By inhibiting HDAC and DNMTs activities, pharmaco-
logical doses of RA affect the chromatin and DNA methylation
status at specific DNA binding sites on RA target gene promoters
and induce terminal APL blast differentiation.'0% 06167170
Indeed, the advent of retinoids combined with chemotherapy
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has led to a dramatic increase in the cure rate of this disease (up
to 75% of cases).'®>!7!

The antineoplastic efficacy of the considerably high number
of molecules that specifically inhibit the function of different
chromatin-modifying enzymes (listed in Tables 1-5) now
available is currently being assessed in preclinical studies.
However, some of these agents that possess DNMTi and/or
HDACi activity have either been tested or are being tested in
various clinical trials on myelodysplastic syndromes (MDSs) and
AMLs, which we recently reviewed'”? and have summarized
below.

DNMT inhibitors. Azanucleotides are cytidine analogs
modified in position 5 of the pyrimidine ring in the presence
of a nitrogen atom substituting a carbon. Azacytidine (5-
azacytidine, Vidaza; Pharmion Corporation, Boulder, CO,
USA) and decitabine (5-aza-2'-deoxycytydine, Dacogen; MGI
Pharma Inc., Bloomington, MN, USA) are the drugs in this class
that have been characterized the best. Both azacytidine and
decitabine have now been approved by the United States Food
and Drug Administration (FDA) for the treatment of MDS.
Whereas, concentration of azacytidine and decitabine required
for maximum inhibition of DNA methylation in vitro were not
shown to suppress DNA synthesis, at high doses both
azacytidine and decitabine are cytotoxic (like other cytidine
analogs such as cytarabine).'”® At low doses, these demethylating
agents maintain the ability to inhibit DNMTs and to cause DNA
hypomethylation, thereby restoring the normal function of genes
involved in the control of cellular proliferation and differentia-
tion.”* Indeed, large phase |, I and Il trials have demonstrated
that when used at a low-dose schedule (10-75 mg/m? per day),
the clinical response is better in both AML and MDS.'”*/1737178

If compared with supportive care, both azacytidine and
decitabine as single therapeutic agents display a high overall
response rate, increased survival, improved quality of life and
reduce the risk of leukemic transformation in MDS
patients.'”®7'8! Decitabine, the more potent DNA-demethylat-
ing agent, resulted in 20-25% hematological complete response
rate and a 31% of cytogenetic normalization rate when given
intravenously for 72 h. Interestingly, cytogenetic normalization
occurs more frequently in MDS with a ‘poor risk’ than
‘intermediate risk’ karyotype.'”%180.181

However, the optimal azacytidine and decitabine schedules
have yet to be defined, as do the molecular biomarkers of
responsiveness to demethylating treatment, although no correla-
tion has been observed between the response to azanucleotides
and promoter demethylation of single genes, as p75.

Other compounds that exert demethylating activity, including
5-fluoro-2’-deoxycytidine, procaine, procainamide, hydralazine
and (—)-epigallocatechin-3-gallate, have not been found to be
nearly as effective as the first azanucleotides.'”* 182183

HDAC inhibitors. Phenylbutyrate and the antiepileptic
agent VPA are short-chain fatty acids that have been shown to
possess, both in vitro and in vivo, the capacity to inhibit cell
growth and to induce differentiation or apoptosis in solid and
hematopoietic cancers.'®*'%” When used as single agents in
clinical trails for patients with MDS or AML, both these
compounds displayed a low level of activity. However, when
compared with phenylbutyrate, VPA was found to be an
extremely safe, absorbable and well-tolerated drug.

The weak potency of short-chain fatty acids might be
attributed to their inability to access the active catalytic pocket
of HDACs. Therefore, to mediate enzyme inhibition, potent



HDAC inhibitors insert a long aliphatic chain into the tube-like
active site, reaching the bottom of the pocket and allowing the
chelating group to coordinate the Zn** ion. This strategy has
led to a novel class of short-chain fatty acid derivatives that have
markedly improved the inhibitory potency of HDAC; the best
compounds were in the nanomolar range, the most potent in this
novel class of HDACI being N-hydroxy-4-(4-phenyl-butyryla-
mino)-benzamide (HTBP).'®8 The capability to bind Zn** might
also be improved by using hydroxamic acid derivatives, which
are significantly more effective than their carboxylic acid
counterparts in providing active-site Zn chelation. The proto-
types of this hydroxamic acid group are TSA and suberoylanilide
hydroxamic acid (SAHA).'®'?! Dose-finding studies on treat-
ments for hematopoietic tumors have been conducted on SAHA,
which was found to possess good oral availability and favorable
pharmacokinetics.'” SAHA also displayed marked activity in
patients with untreated, relapsed or refractory leukemias or
MDS, Hodgkin'’s disease and certain subtypes of non-Hodgkin’s
lymphomas.'??'* The FDA recently approved the clinical use
of SAHA in the United States (Vorinostat) for cutaneous T-cell
lymphomas on the basis of a phase Il study with orally
administered Vorinostat conducted on 33 previously treated
patients with refractory cutaneous T-cell lymphoma. The results
of that study showed a partial response in eight patients (24.2%)
and the relief of pruritis in 14 out of 31 assessable patients
(45.2%)."%*

Despite the high potency of hydroxamate analogs in vitro,
such analogs might be metabolically unstable when adminis-
tered in vivo. Many derivatives have, consequently, been
designed and synthesized bearing alternative Zn?" chelating
groups.

Benzamides constitute another class of HDACi.'®> MS-275 is
one of the compounds belonging to this class that has been
selected for clinical trials.'?"®” Recent results from a phase |
trial of orally administered MS-275 conducted on 38 adults with
advanced acute leukemia have shown that MS-275 effectively
inhibits HDAC in vivo. However, no clinical responses by
classical criteria were observed.'?®

Lastly, HDACi based on a cyclopeptidic system include the
most structurally complex molecules. With the exception of
few examples, they are essentially constituted by a large
cap group (typically a cyclic tetrapeptide containing
hydrophobic amino acids) and a lateral chain ending with a
chelating group. This class encompasses both irreversible and
reversible HDACIi, depending on whether or not they contain an
epoxy end group. Though they exhibit low-nanomolar activity
in vitro, their therapeutic potential has not yet been fully
established. To date, only Apicidin (FK-228), which has
documented proapoptotic, antiproliferative and antiangiogenic
effects, is in phase Il clinical trials.'®® Although in vitro evidence
indicates that these compounds promote cell-growth arrest
and differentiation of neoplastic cells at least as effectively as
short-chain fatty acids, their therapeutic potential has yet to be
fully determined. At least 14 different HDACi are currently
being studied in clinical trials (see National Cancer Institute
website for CTEP clinical trials (http:/ctep.cancer.gov), the
website of companies developing HDACi recently reported by
Xu et al.).'®?

Combination drug regimens including HDACi and/or
DNMTi

These reports taken as a whole indicate that although HDACi
can markedly modify neoplastic cells in various ways, including
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growth arrest and cell differentiation, they do not exert a
remarkable clinical activity when used as single agents. Thus, it
is likely that HDACi will prove most useful as components of
combination drug regimens. Several functional studies have
recently focused on this issue, trying to identify the most
effective drug combinations involving HDACi, and which
cancer types might respond most to such combinations.

The clinical activity of VPA either alone or in combination
with ATRA was first evaluated by Kuendgen et al.°® on 23 MDS
patients, in whom the overall response rate was 35%. A similar
response rate was reported by the same group of researchers on
an additional series of 58 patients with AML, including one
patient, who developed an early relapse after an intensive
chemotherapy course, in whom a durable CR lasting 16 months
was achieved.””

We recently conducted a pilot study on eight refractory or
high-risk AML patients not eligible for intensive therapy to assess
the biological and therapeutic activities of the sequential
combination of VPA, used to remodel chromatin, and ATRA,
to activate gene transcription and differentiation in leukemic
cells. The results of this study showed that global changes in the
acetylation status of histones H3 and H4 in leukemic ‘ex vivo’
cells from patients correlated both with VPA serum levels and
the ability of such cells to undergo myelomonocytic differentia-
tion. Differentiation of the leukemic clone was also proven by
FISH analysis, which revealed the cytogenetic lesion + 8 or 7q—
in differentiating cells. Hematological improvement, according
to the established criteria for MDS, was observed in two cases.
Stable disease was observed in five cases and disease progres-
sion in one. VPA-ATRA was found to be a well-tolerated
treatment that induced phenotypic maturation of AML blasts
through chromatin remodeling.”?

Moreover, VPA treatment was recently shown to maintain a
significantly higher proportion of CD34 + leukemic progenitor
cells (LPCs) and colony-forming units than control cultures in
AML samples.?®® This raises the possibility that the effects of
VPA exerts on the small population of AML progenitor cells may
be different from those it exerts on the bulk of aberrantly
differentiated AML blasts that represent the majority of the
leukemia population. Treatment with VPA (and possibly with
other chromatin-remodeling agents) might enhance the proli-
feration and self-renewal potential of LPCs, while generating a
chromatin code reprogramming leukemic blasts harboring a
block in their terminal differentiation. This hypothesis derives
from the reported effect of chromatin-remodeling agents,
including VPA in normal HSCs/HPCs, which was previously
discussed in this review and schematically represented in
Figure 3. Whether epigenetic changes in leukemic progenitors
render AML blasts more sensitive to conventional chemotherapy
or to novel therapeutic approaches (including other chromatin-
remodeling agents) is a question that warrants further
investigation,'°0~164203

In view of the close functional correlation between chromatin
histone changes and DNA methylation, clinical trials combining
HDACi and DNMTi are being developed. The sequential
administration of 5-azacytidine and sodium phenylbutyrate in
patients with AML or MDS targeting different mechanisms has
been found to be clinically feasible, with an acceptable level of
toxicity and measurable biologic and clinical outcomes.®*
However, far more promising results have recently been
reported by Garcia-Manero et al?°®> in a phase I-Il study
combining decitabine and VPA. In a restricted number (10
cases) of elderly patients with AML or MDS, they showed
50% of long-lasting CR associated with minimal toxicity. In a
larger study performed in elderly and previously untreated
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patients, the addition of ATRA to this regimen raised the
response rate to 52%.2

Outlook

We believe that a point has been reached in which it may be
possible to fully unravel the molecular mechanisms underlying
the epigenetic regulation that directs embryonic and HSCs along
the road of differentiation into several cell types, which would
pave the way for the development of novel therapeutic
approaches for hematological diseases. Moreover, the avail-
ability of several compounds that target different epigenetic-
modifying activities offers the possibility to develop new
treatment strategies in patients with hematopoietic malignancies
that significantly raise the therapeutic effects, while reducing
toxicity.
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